Spinal cord injury (SCI) is a serious condition that produces lifelong disabilities (Stover and Fine, 1987) . Only limited therapeutic measures are currently available for its treatment (Bracken et al., 1990) . SCI induced by trauma is a consequence of an initial physical insult that is followed by a progressive injury process that involves various pathochemical events that lead to tissue destruction (Young, 1988; Bracken et al., 1990) . Therapeutic intervention for SCI should therefore be directed at reducing or alleviating this secondary process. Although the mechanisms are not fully understood, progressive vascular events, such as ischemia/ reperf usion-induced endothelial damage, are involved in this process (Demopoulos et al., 1978; Means and Anderson, 1983; Xu et al., 1990; Blight, 1992) . We have demonstrated that activated neutrophils are important in inducing the damage to endothelial cells observed in SCI induced by trauma (Taoka et al., 1997a) .
Activated protein C (APC) is an important physiological anticoagulant that is generated from protein C by the action of the thrombin -thrombomodulin complex on the endothelial cells (Walker et al., 1979) . APC inactivates factors Va and VIIIa, thereby regulating the coagulation system (Walker et al., 1979; Esmon, 1992) . APC is also implicated in the regulation of the inflammatory process by its inhibition of cytokine production by monocytes (Grey et al., 1993 (Grey et al., , 1994 . We demonstrated previously that APC prevents the injury to endothelial cells induced by activated leukocytes, primarily by inhibiting the ability of monocytes to produce tumor necrosis factor-␣ (TN F-␣) (Murakami et al., 1996 (Murakami et al., , 1997 . Because TNF-␣ is a potent activator of neutrophils (Klebanoff et al., 1986) , it is possible that APC may also prevent the secondary effects of trauma-induced SCI by inhibiting neutrophil activation. We therefore evaluated the effects of APC in a rat model of compression-induced SCI.
MATERIALS AND METHODS
Reagents. APC was obtained from human thrombin-activated protein C and purified by cation-exchange chromatography as described previously (Katsu-ura et al., 1994) . Nitrogen mustard was obtained from Sigma (St. L ouis, MO). All other reagents used were of analytical grade.
Preparation of dansyl glutamyl-gl yc yl-arg inyl chloromethyl k etone-treated factor Xa. Factor X, purified from human plasma and activated with Russell's viper venom (Bajaj et al., 1981) , was inactivated by incubation with a 20-fold molar excess of dansyl glutamyl-glycyl-arginyl chloromethyl ketone (DEGR) for 30 min at 25°C, after which the mixture was subjected to extensive dialysis against a solution containing 20 mM Tris-HC l, pH 7.4, and 100 mM NaC l. DEGR-treated factor Xa (DEGRXa) has been shown to selectively inhibit thrombin generation by competing with intact factor Xa for prothrombinase complex formation (Nesheim et al., 1981) .
Preparation of diisopropyl fluorophosphate-treated A PC (DIP-A PC)
. APC was inactivated with DI P (Sigma) by incubating APC (1 mg /ml) with 19 mmol / l of DI P in PBS, pH 7.4, for 2 hr and dialyzing it extensively against the same buffer (Grey et al., 1994) . The effectiveness of inactivation was monitored amidolytically by measuring the rate of hydrolysis of the chromogenic substrate S-2366 (Chromogenix AB, Stockholm, Sweden) at 405 nm. The amount of APC activity remaining was Ͻ1%.
Animal model of spinal cord injur y. The study protocol was approved by the Kumamoto University Animal C are and Use Committee. The care and handling of the animals were conducted in accordance with the guidelines of the National Institutes of Health. Under pentobarbital anesthesia (45 mg / kg, i.p.) (Abbott Laboratories, North Chicago, IL), adult pathogen-free male Wistar rats (Nihon SLC, Hamamatsu, Japan), weighing 300 -350 gm, were subjected to laminectomy using a surgical airtome at the level of the 12th thoracic vertebra (Th12). Spinal cord injury (SCI) was induced by applying a 20 gm weight extradurally to the spinal cord at Th12 for 20 min as described previously (Taoka et al., 1997a,b) . This technique causes paralysis of the lower extremities in a reproducible manner (Taoka et al., 1995; Hamada et al., 1996) . Laminectomy alone was performed as a sham operation. APC (100 g / kg) was administered intravenously to rats 30 min before (pretreatment group) or after (post-treatment group) the compressive trauma. DI P-APC (100 g / kg) and DEGR-Xa (10 mg / kg) were administered intravenously 30 min before trauma. The control and leukocytopenic animals received saline instead of anticoagulants or other drugs.
Grading of motor disturbance. The motor f unction of rats was assessed in a blind manner using the the inclined-plane test (Rivlin and Tator, 1977) and footprint analysis (Kunkel-Bagden and Bregman, 1993) . In the inclined-plane test, recovery from motor disturbance was assessed before, and again at 1, 7, 14, and 21 d after the compression. We recorded the maximum inclination of the plane on which the rats could maintain themselves for 5 sec without falling.
Footprint analysis was performed before and 3 weeks after the compression injury, as illustrated in Figure 1 . The hindpaws were wetted, and the animals were made to walk on paper coated with bromophenol blue (Wako Pure Chemical Industries) dissolved in acetone. The base of support was determined by measuring the distance between the central pads of the hindpaws (DBF). The stride lengths of the right and left hindpaws (RSL and L SL) were measured in two consecutive prints.
Histolog ical e xamination of the spinal cord. Rats were killed at random 24 hr after compressive SCI. They were perf used transcardially with 10% formaldehyde in a phosphate-buffered solution; ϳ 1 cm of the spinal cord at Th12 was removed immediately and immersed overnight in the same solution. Transverse, semi-serial sections of 5 m thickness were prepared and embedded in paraffin. These sections were subsequently stained with hematoxylin and eosin. The samples were assessed by a pathologist who had no knowledge of any animal's group.
Assay of myeloperoxidase activit y. The extent of leukocyte infiltration was assessed by measurement of myeloperoxidase (M PO) activity (L undberg and Arfors, 1983 ) using a modification of a method described previously (Xu et al., 1990) . Within 1 hr after the rats were killed, sections of ϳ1 cm were dissected from the Th12 region, removed, and placed in ice-cold 0.9% NaC l bath. A 10% (wt / vol) tissue homogenate was mixed with a 20 mM phosphate buffer, pH 6.0, containing 0.5% hexadecyltrimethyl ammonium bromide (Sigma) and sonicated for 30 sec. After centrif ugation (4500 ϫ g at 4°C for 20 min), 0.1 ml of supernatant was added to 0.6 ml of 0.1 M phosphate buffer, pH 6.0, containing 1.25 mg /ml o-dianisidine and 0.05% H 2 O 2 . After 5 min, the change in absorbance at 460 nm was measured spectrophotometrically (DU-54, Beckman, Irvine, CA), and the M PO activity in each sample was calculated using a standard curve for purified M PO (Sigma).
Assay of TNF-␣. The level of TN F-␣ in spinal cord tissue was determined before and 1, 2, 3, 4, 6, 12, and 24 hr after SCI according to the methods described by Murakami et al. (1997) . Briefly, within 1 hr after the rats were killed, sections from the Th12 region measuring ϳ1 cm were dissected, removed, and placed in ice-cold 0.9% NaC l. A 20% (wt / vol) tissue homogenate was mixed with a 0.1 M phosphate buffer, pH 7.4, sonicated for 30 sec, and centrif uged at 4500 ϫ g for 20 min at 4°C. The concentration of TN F-␣ in the supernatant was determined using an enzyme-linked immunosorbent assay (ELISA) kit for rat TN F-␣ (Genzyme Corporation, C ambridge, M A). Results are expressed as picograms of TN F-␣ per gram of tissue.
Induction of leuk oc ytopenia by nitrogen mustard. Rats were made leukocytopenic by the intravenous injection of nitrogen mustard (NM) (Müller-Berghaus and Eckhart, 1975) . Because the dose of NM of 1.75 mg / kg administered in an earlier study had caused death in all rats within 10 d of laminectomy, probably as a result of infection (Taoka et al., 1997b) , we now administered an intravenous dose of 1.0 mg / kg. This dose caused no deaths for 3 weeks after SCI. NM or 0.9% NaC l was administered intravenously to rats 2 d before induction of SCI. The circulating leukocyte count on day 0 was 9375 Ϯ 1365/l (n ϭ 10) in controls and 3350 Ϯ 230/l in NM-treated rats (n ϭ 10) ( p Ͻ 0.01). In differential leukocyte counts made on peripheral blood smears, the number of neutrophils counts on day 0 was 1298 Ϯ 428/l in controls and 733 Ϯ 112/l in NM-treated rats ( p Ͻ 0.01), and the number of monocytes was 539 Ϯ 286/l in controls and 182 Ϯ 38/l in NM-treated animals ( p Ͻ 0.01).
Statistical anal ysis. Data are presented as the mean Ϯ SD. C irculating leukocyte counts were compared using Student's t test. Statistical comparisons of the mean degrees in the inclined-plane test, mean distance between feet, mean stride length, mean M PO activity, and the mean TNF-␣ level between groups used the ANOVA and Scheffe's post hoc test. A level of p Ͻ 0.05 was defined as statistically significant.
RESULTS

Effect of APC on SCI induced by compression trauma
As reported previously (Hamada et al., 1996) , we found that when evaluated by the inclined-plane test, motor disturbances were increased within 24 hr of the compressive SCI. After 24 hr, the neurological scores were significantly higher in the rats treated with APC before the induction of SCI versus that of the controls (Figs. 2, 3) . From 1 to 21 d after the induction of SCI, the angle of the inclined plane was significantly higher in the rats pretreated with APC than in the controls (Fig. 2) .
The administration of APC after trauma also significantly improved the motor function of rats. Whether evaluated by the inclined-plane test (Figs. 3, 4 A) or footprint analysis (Fig. 4 B,C) , the neurological scores 1 and 21 d after the induction of SCI were higher in the rats administered APC post-traumatically than in controls.
In contrast to APC, neither DEGR-Xa (a selective inhibitor of thrombin generation) nor DIP-APC (active site-blocked APC) had any effect on the motor function of rats 1 and 21 d after the injury to the spinal cord (Figs. 3, 4) . 
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Histological observations
Histological examination of the traumatized spinal cord 24 hr after the induction of SCI showed the presence of intramedullary hemorrhages in control animals (Fig. 5) . These hemorrhages were observed more often in the gray than in the white matter. In contrast, there was markedly less hemorrhage in the animals that had received APC before trauma (Fig. 5) . Neither DEGR-Xa nor DIP-APC prevented hemorrhagic changes in the injured spinal cord (data not shown).
Effect of APC on increase in MPO activity induced by trauma
The accumulation of neutrophils at the traumatized spinal cord tissue was evaluated by measuring M PO activity 3 hr after the induction of compressive trauma. The increase in MPO activity, observed in traumatized animals versus sham-operated rats, was inhibited significantly in the spinal cord of animals that received APC 30 min before trauma (Fig. 6 A) . The administration of DEGR-Xa or DIP-APC did not inhibit this increased MPO activity (Fig. 6 A) .
Effects of APC and nitrogen mustard-induced leukocytopenia on increased TNF-␣ in injured segment of spinal cord
After the induction of SCI at Th12, we measured the level of TNF-␣ in this segment over time. The tissue level of TNF-␣ increased significantly within 1 hr and peaked at 4 hr (Fig. 7) . The tissue level of TNF-␣ 1-6 hr after trauma significantly exceeded that of sham-operated animals (Fig. 7) . When we evaluated the effect of APC on tissue levels of TNF-␣ 4 hr after induction of trauma, we found that APC significantly inhibited the compression-induced increases in TNF-␣ (Fig. 6 B) . The animals administered nitrogen mustard to induce leukocy- Effects of APC, DEGR-Xa, NM-induced leukocytopenia, and DIP-APC on motor disturbances 1 d after induction of SCI as determined by an inclined-plane test. Motor disturbances of the hindlimbs were evaluated 1 d later using an inclined-plane test. APC (100 g/kg), DI P-APC (100 g/kg), DEGR-Xa (10 mg / kg), or buffer (as a control) was administered intravenously 30 min before injury, or APC was administered 30 min after injury. Leukocytes were depleted by administration of nitrogen mustard (NM). Mean Ϯ SD of 10 experiments. *p Ͻ 0.05 versus Trauma. Taoka et al. • Activated Protein C and Spinal Cord Injury J. Neurosci., February 15, 1998 , 18(4):1393 -1398 1395 
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topenia also showed greatly reduced levels of TN F-␣ (Fig. 6 B) . In contrast, neither DEGR-Xa nor DI P-APC had any effect on TNF-␣ level in animals with SCI (Fig. 6 B) .
DISCUSSION
We observed that APC significantly reduced the deleterious effects of SCI in rats. When administered before or after the induction of trauma, APC reduced the number of intramedullary hemorrhages as well as the severity of motor disturbances. Although the motor disturbances evaluated by using the inclinedplane test were not completely recovered 42 d after trauma, those in animals given APC before or after the trauma were recovered 35 d after trauma (data not shown), suggesting that APC might promote the functional recovery of the motor disturbances in this animal model of spinal cord injury. Because APC inhibited at the active site (DIP-APC) and a selective inhibitor of thrombin generation (DEGR-Xa) had no effect, our results with APC suggest that the efficacy of this protein may not be mediated by inhibition of thrombin generation. However, this observation does not exclude the possibility that APC may attenuate the spinal cord injury by inactivation of factor Va/VIIIa.
The accumulation of neutrophils in traumatized segments of the spinal cord as reflected by tissue MPO activity was also significantly inhibited in animals treated with APC. The leukocytopenia induced by NM markedly reduced the motor disturbances as well as accumulation of neutrophils in traumatized spinal cord tissue, suggesting that the accumulation of neutrophils may not be an effect but rather may be a cause of the motor disturbances observed after SCI induced by compression trauma. Because DIP-APC did not prevent the accumulation of neutrophils at the injured site, the inhibition of neutrophil accumulation by APC may also be mediated by its serine protease activity. This is consistent with our previous observation that APC prevents endotoxin-induced lung injury by inhibiting the accumulation of neutrophils, and that this effect is also dependent on the serine protease activity of APC (Murakami et al., 1996 (Murakami et al., , 1997 .
Although we observed the accumulation of neutrophils at the traumatized site, we found no histological evidence of their infiltration into the tissue of the injured spinal cord (Taoka et al., 1997a) . This suggests that neutrophils may accumulate at the endothelial surface, where they may damage the endothelial cells 
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by releasing a wide variety of inflammatory mediators such as granulocyte elastase and oxygen free radicals (Harlan, 1987; Carlos and Harlan, 1994) . Indeed, our preliminary study indicates that L -658,758, a specific granulocyte elastase inhibitor (Zimmerman and Granger, 1990) , prevents the SCI induced by compressive trauma in this animal model (our unpublished data).
Our results strongly suggest that the production of TNF-␣ at the site of SCI is implicated in the secondary damage to tissue in SCI. We found that the level of this protein in the traumatized spinal cord tissue was significantly increased after compressive trauma, with a peak seen after 4 hr. These results are consistent with those of other researchers. For example, Wang et al. (1996) showed the presence of TN F-␣ at the sites of traumatic spinal cord lesions but did not detect this factor in cerebrospinal fluid or in serum. In addition, Yakovlev and Faden (1994) demonstrated that spinal cord impact in rats caused an elevation of TNF-␣ mRNA levels at the site of trauma 30 min after the injury; the severity of injury was proportional to the level of the TNF-␣ message. Our additional observation, that leukocytopenic rats in which the level of TN F-␣ was not increased at the site of trauma exhibited a significant reduction in motor disturbances, indicates that increased levels of TN F-␣ at the site of injury may be a cause, rather than an effect, of the SCI induced by compressive trauma.
TNF-␣ contributes to the tissue injury induced by neutrophils by directly activating them (K lebanoff et al., 1986) , as well as by increasing the expression of such molecules as E-selectin, which cause the activated neutrophils to adhere to the surface of the endothelial cells (Mulligan et al., 1991) . We have also shown that the inhibition of neutrophil adhesion to the endothelial cell surface markedly reduces the severity of the SCI induced by compressive trauma (Taoka et al., 1997a) . These observations indicate that the interaction of activated neutrophils with the surface of the endothelial cells is important in the secondary tissue damage that occurs after SCI. Because no increase in the level of TNF-␣ induced by SCI was found in the animals that had received APC, this suggests that APC may inhibit the accumulation of neutrophils at the site of the traumatic spinal cord injury primarily by inhibiting TN F-␣ production. This is supported by our earlier findings; i.e., that APC also inhibits the in vivo and in vitro production of TN F-␣ by monocytes, that this activity depends on the serine protease activity of APC, and that APC does not directly inhibit the neutrophils (Murakami et al., 1997) .
Although the precise mechanism(s) by which APC inhibits the production of TNF-␣ has not been fully elucidated, our finding that DIP-APC did not affect the level of TNF-␣ at the site of trauma suggests that the serine protease activity of APC may be important in the inhibition of TNF-␣ production. Grey et al. (1993 Grey et al. ( , 1994 also reported that APC suppresses the production of TNF-␣ by LPS-stimulated monocytes by inhibiting the coupling of LPS and CD14, but that DIP-APC did not possess this activity. In contrast, however, Grinnell et al. (1994) demonstrated that the inhibition of neutrophil accumulation by APC was not related to the serine protease activity of APC, because the carbohydrate moieties of APC reacted more with E-selectin than with the sialyl Lewis X antigen of neutrophils. This possibility, however, seems less likely in vivo, because we found that DIP-APC did not reduce the accumulation of neutrophils at the traumatized site.
We have demonstrated that APC can lessen the severity of the SCI induced by trauma by inhibiting the accumulation of neutrophils and the production of TNF-␣. Because the administration of APC after the injury was as effective as its administration before injury in preventing the secondary effects of SCI, APC may have a potential for clinical use in alleviating the effects of traumatic compression injury to the spinal cord. 
